Mortality of marine organisms due to events such as cold temperatures can have dramatic Impacts on population abundance. Severe mortalities could lower recruitment from loss of spawners 121 so recovery to pre-event levels is slow to occur. Information on mass mortalities are required by fishery managers to ensure that subsequent fishing mortality does not jeopardize long-term viability of populations. With knowledge of these natural mortalities, fisheries managers can enact measures to reduce fishing mortality which speeds recovery of the population.
Polar cold fronts have pushed into Texas and crossed the Gulf of Mexico to as far south as Nicaragua (Gunter ahd HildebFand 1951) . The near-shore Gulf of Mexico and adjacent waters are vulnerable to periodic mass mortalities of fishes due to cold temperatures because of limited openings between land masses separating shallow bays from the Gulf, especially when water temperature decreases rapidly (Bartlett 1856; Higgins and Lord 1927; Anonymous 1931; Storey and Gudger 1936; Storey 1937; Gunter 1941 Gunter , 1945 Gunter , 1952 Baughman 1947 Baughman , 1951 Gunter and Hildebrand 1951; Simmons 1957 Simmons , 1962 Moore 1976; Holt and Holt 1983) . Impact of cold fronts on fish survival is lessened if the front is preceded by gradually decreasing water temperatures which allow poikilothermic animals to acclimate or move offshore (Gunter and Hildebrand 1951 , Springer and Woodburn 1960 , Dahlberg and Smith 1970 . Cold also can affect size of fishes killed (Gunter 1947) .
Methods used to estimate the magnitude of freeze mortalities were not well documented prior to 1983-84; precision of estimates was not determined. Generally, qualitative observations were made; few quantitative counts were made over a broad area. Estimations of kills were extrapolated to sections of the coast with little documentation of areal extent of a kill. As a result, reliable quantitative comparisons of the impacts of freezes are impossible. The Texas Parks and Wildlife Department (TPWD) implemented procedures in the 1970's to estimate numbers of fish killed during rotenone collections in Texas bays (Matlock et al. 1982) . These procedures were sufficiently general for application, with some modification, to estimate the · number of fish killed in mass mortality events. These procedures were applied to 3 mass mortalities that occured in the 1980's. This paper documents methods used to estimate mortality of fJshes in a freeze in 1983 and two in 1989, and provides estimates of animals reported killed.
MATERIALS AND METHODS
A stepwise, standardized approach was used to estimate numbers of animals killed in catastrophic cold kills along the Texas coast (Fig. 1) ; over 100 persons participated in each survey. First, extensive reconnaissance of shoreline areas that were accessible by vehicle were made daily to 1) measure water temperatures; 2) determine when organisms began to die; and 3) record general observations for areal documentation of the kill so future ground counts could be made. Second, when dead organisms were observed, airplane flights were initiated to identify concentrations of dead organisms within each bay system. Third, based on these findings, bay systems were stratified into areas of high and low animal concentrations, which in turn were divided into shoreline and open water areas. In 1983, organisms were found to be distributed throughout the bay systems, so there was no stratification into high-low areas. Shoreline areas were accessed by boat or vehicle, and the number of dead animals in pre-selected random segments were counted. In the final phase, dead animals were collected on the bottom in open water areas using trawls after shoreline counting began.
In 1983, count (N = 242) or trawl (N = 100) sites were selected from existing shoreUne and open water TPWD sample stations, whereas for 1989, shoreline counts (N = 118 February; 124 December) and trawl sites (N = 78 February; 107 December) were selected from a 1-minute latitude by 1-minute longitude grid system in each bay .• Within each site or grid, three count areas, 30.5 m long, were randomly selected. To obtain the most precise estimates of numbers of dead fish, sampling was stratified (Cochran 1977) among bays and within each bay by observed high-and low-kill density areas. This procedure was used to select shoreline grids for sampling during 1989, whereas in 1983 simple random sampling was used to estimate numbers for each bay; in 1983 bays were treated as strata to estimate coastwide totals. At each shoreline area sampled, all dead fish and macro-invertebrates along shore, floating in the water or visible on bottom out to 15.2 m offshore were identifieo to species and counted; "other" animals were identified and recorded. Up to 19 randomly selected individuals of each species were measured (nearest 1 mm TL). Due to time constraints, if an estimat~d >500 animals were visually judged to be in a count area by the on-site counters, a randomly col-lected subsample was taken so a total area count estimate could be made.
The same site (in 1983) or grid (in 1989) system previously described was also used for trawls. Sites or grids were selected at random in identified kill areas. Trawls were pulled for 10 minutes in preselected grids without replication to estimate numbers of dead animals in water >1 m deep; one 10 minute pull with a 6.1-m trawl covered 0.35 ha. All dead animals were identified to 'species and counted; up to 19 individuals of each species in each 10 minute collection were measured.
Distribution of fish among sites (in 1983) or grids (in 1989) was highly skewed. Numbers at a few sites or grids were relatively high, whereas most sites or grids had few or no fish. The skewed distribution and large number of zeroes precluded using the raw data to compute unbiased~ estimators for the mean and standard error; log transformation failed to normalize the data. Therefore, Pennington's (1986) estimators,' which are unbiased for skewed distributions with many zeroes, were used to com put~ mean and standard error of the number of organisms per site or grid for each stratum. All sites had roughly equal lengths and grids had approximately equal areas, so it was not necessary to standardize numbers collected for length or area sampled.
Total numbers and 95% confidence intervals of dead individuals of each species, and total number and 95% confidence interval for all species combined were computed for each bay and for the entire coast as follows (Scheaffer et al. 1979) : Total =variance of number of dead fish per grid/site in stratum i Total number of dead Individuals in open water areas based on trawl samples were estimated using the same procedures as described for shoreline estimates. For estimation purposes, the catch was assumed to be 100% of the dead animals available in the trawl path.
Separate mortality estimates (number) were developed for eight species of fishes and four species of invertebrates, all selected because of their economic importance. All species sampled were included in the total bay and coastwide estimates. Only length frequencies of selected fish are presented because invertebrates were not readily measurable even though identification to species was possible.
Estimates from shoreline counts and trawl collections were summed using standard statistical procedures to obtain total mortalities for each bay and the entire coast. Individual temperatures obtained from all ground observations, shoreline, and trawl grids/sites were pooled and averaged daily in a bay for presentation.
RESULTS
A total of 159 species (103 fishes, 45 invertebrates, 11 other vertebrates) had documented mortality during three freezes; species composition varied among freezes (Tables 1 and 2) . We estimated about 14 million fishes and 1 million invertebrates were killed in 1983, 11 million fishes and 13,000 invertebrates in February 1989, and 6 million fishes and 155,000 invertebrates in December 1989 ( A wide range of animals were killed in all freezes but the size classes affected apparently differed among freezes for each species; size composition provided an "instantaneous picture" of the effects on the population structure at the time of the kill. There were proportionally more small spotted seatrout (<300 mm TL) killed in the December freezes than in the February freeze (Fig. 2) . Size composition (Fig. 2) . Size composition of black drum killed in the two December freezes were similar, and generally larger than those killed in February 1989 (Fig. 3) . The same pattern was evident for sheepshead and Atlantic croaker killed in February compared to those killed in December (Figs. 3 and 4 February (Fig. 4) . Striped mullet killed in December 1983 included a greater proportion of small fish than in February or December 1989 (Fig. 5) . Pinfish killed were about the same size in all three freezes (Fig. 5) . The pattern in daily water temperature fluctuations varied substantially among bays and among freeze events. Water temperatures dropped more rapidly and remained low longer during the December freeze,s than during the February freeze. Water temperatures Spotted Seatrout
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February 1989 (Fig. 7) . In each bay, temperatures began a general increase within about 2 days after reaching their low levels. The most rapid temperature declines and coldest temperatures occurred in both upper and lower Laguna Madre; warmest temperature occurred in Aransas and Corpus Christi Bays. During December 1989 temperatures decreased from about 10 to 15° Con 10 December to near 0° C by about 23 December after which they began to increase (Fig. 8) .
DISCUSSION
Based on a search of the. literature, fish kill assessments presented in this paper are the greatest in area and most comprehensive to be conducted with estimated levels of precision. The systematic, four-phase approach documented in this paper can be applied to any widespread and extensive kill as the result of major pollution events, red tide (Gymnodinium breve) blooms (TreQatoski 1988) or algae blooms.
Sampling procedures used during these three freezes produced useable estimates of the magnitude of fishes and invertebrates killed. However, mortality was underestimated, especially for small animals (<200 mm) because scavenging by birds and other animals undoubtedly occurred. Although illegal, fishermen also removed an unknown .number of dead or Winter Mortality in Texas Bays 133 dying fish during the freezes by foul hooking, dip netting, or picking up fish along the shoreline. These activities caused us to underestimate fish killed because fish were removed prior to our census.
Even though the estimates are biased low, they provide a relative measure of the immediate impact of freezes on marine populations. These estimates, in conjunction with fishery independent sampling data (Kana et al. 1993 ) from before and after the freezes can provide insights into the impact on populations affected. Because of the magnitude of marine fishing effort and ecQnomic value of recreational and commercial fisheries, it would behoove managers to assist populations to recover quicker than would ~:~aturally occur under unabated intense fishing pressure. To enhance recovery to prefreeze levels for economically important fish populations, managers can respond by reducing subsequent fishing mortality through imposition of reduced bag and possession limits, increased size limits, gear restrictions, and closed areas (Anonymous 1985) immediat~ly following a large-scale kill of fishes. The strategy is to reduce fishing mortality on spawning adult fish to allow many of them to spawn. In theory, if recruitment were density-dependent, compensatory mechanisms would allow many recruits to survive to maturity and spawn, thus increasing the size of the fishable population. The ability to detect reductions in fish populations suffering mass mortalities may be difficult if the index of abundance has a large coefficient of variation (Vaughn et al. 1986 ). Nonetheless, it seems prudent for managers to consid(:lr implementing regulations redu0ing subsequent fishing effort immediately following a large-scale kill.
Impact of cold weather on marine organisms in Texas bays varies sub-.. • 
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Aransas Bay Corpus Christi Bay stantially, depending on rapidity of temperature drop, severity and duration of cold, physiography characteristics of the affected area, and life history, behavior, and population dynamics of affectedc animals. The December 1983 freeze was the most severe of recent freezes, and one of the most severe in recorded Texas history. Water temperatures dropped about 15° C in about 10 days to near 0° C and remained between 0° and 5 o for about 7 days. Fish that are most abundant in Texas bays during winter were the most numerous among the dead animals; most dead fish were seen in shallow bays on the southern (generally warmest) part· of the coast. A similar pattern was observed in the December 1989 freeze; however, temperatures did not remain as low for as many days, and fewer fish were killed than in 1983. Even fewer fish were killed in February 1989 when lowest temperatures were generally higher than during the December freezes.
